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Role of a nonnative interaction in the folding of the protein G 
B1 domain as inferred from the conformational analysis of the 
-helix fragment
Francisco J Blanco, Angel R Ortiz1 and Luis Serrano
Background: The role of local interactions in protein folding and stability can be
investigated by the conformational analysis of protein fragments. The
hydrophobic staple and Schellman motifs have been described at the N and C
terminus, respectively, of protein -helices. These motifs are characterized by an
interaction between two hydrophobic residues, one outside the helix and one
within the helix, and their importance for helix stability has been analyzed in
model peptides. In the -helix of the protein G B1 domain, only the Schellman
motif is formed — the hydrophobic staple motif is absent despite the favourable
sequence pattern. We have experimentally analyzed the solution conformation of
the 19–41 fragment of protein G. This peptide comprises the helical residues
and contains both the hydrophobic staple and Schellman motif sequences.
Results: In the isolated peptide in water, the hydrophobic staple motif is formed
and stabilizes the helical structure as compared with a shorter peptide lacking it,
but the Schellman motif is not formed. In 30% aqueous TFE, the helix is more
stable than in pure water and both motifs are formed. 
Conclusions: The results suggest that the importance of each motif for the
folding and stability of protein G is different. The nonnative hydrophobic staple
interaction can help to nucleate the helix at the beginning of folding but has later
to be disrupted. The Schellman motif, while not providing enough energy for
substantial helix stabilization in the unfolded state, could be important for
determining the local fold of the sequence in the context of the rest of the
protein.
Introduction
Local interactions are important in the restriction of the
conformational freedom of a polypeptide chain at the
beginning of the folding process, when the occurrence of
long-range interactions is less probable [1]. The transient
equilibrium between random and locally folded conforma-
tions that occurs at these early stages of protein folding
can be modelled with the conformational analysis of
protein fragments. Those folded conformations that are
measurable in the isolated peptides are likely to be the
same as those present in the complete polypeptide chain
when folding is in a pre-equilibrium stage before the tran-
sition state or well defined intermediates: the unfolded
state under native conditions [2,3]. The relevance of
certain local interactions for protein folding and stability is
well established experimentally [4–7], but there are also
theoretical [8,9] and experimental data [5,7] suggesting
that local interactions should not be too strong for
optimum foldability (for reviews, see [10,11]).
Statistical analysis of the protein structure database has
revealed some correlations between short elements of
sequence and local folded structures. Regarding -helices,
the significance of the preferences found for certain amino
acids to occupy the N and C termini of helices in protein
structures [12,13] was later experimentally supported by
quantification of the energetic contributions to the global
helix stability in peptides [14] and proteins [15]. Similar
studies were done with the capping-box motif [16,17] at
the N terminus of -helices [18–20]. Two recently
described motifs are particularly interesting in that they
involve not only helical residues, but also apolar residues
outside the helix that interact with another apolar residue
within the helix (i,i+5 interactions). The sequence finger-
prints and associated local structures of both motifs are
described in Figure 1a. The hydrophobic staple motif [21]
is characterized by an interaction between hydrophobic
residues at positions N′ and N4 (using the helix position
nomenclature given in [11]) with a good N-capping
residue and is reinforced when combined with a capping
box [21,22]. The Schellman motif appears frequently in
helices terminated by glycine at position C′ and consists of
two mainchain–mainchain hydrogen bonds C′′→C3 and
C′→C2 together with an interaction between hydrophobic
residues at positions C3 and C′′ [23,24]. The contribution
of these motifs to -helix stability has been evaluated 
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separately in two series of model peptides, showing that
the hydrophobic staple can provide a substantial helix sta-
bilization [25] while the contribution of the Schellman
motif is much smaller [26]. Besides helix stabilization, the
importance of these interactions concerning protein
folding comes from the fact that they provide chirality to
the orientation of contiguous pieces of secondary struc-
tures and can, therefore, be important in the fold selection
by the sequence.
The B1 domain of protein G [27] has a central -helix
packed against a four-stranded -sheet [28,29] (Fig. 1b).
The helix amino acid sequence contains both the
hydrophobic staple and Schellman motif sequence pat-
terns, but only the Schellman motif conformation is
observed in the protein structure. The helix comprises
residues Ala23 to Asp36. Asp22 is the N-cap residue with
its sidechain making a hydrogen bond with the amide of
Thr25. A reciprocal hydrogen bond between the sidechain
of Thr25 and the amide of Asp22 (as in the capping-box
motif) is not formed. The sidechain of Thr25 is too short,
and either the backbone or the threonine sidechain
rotamer would have to change for it to form, in this case
adopting an eclipsed conformation (1 from –57 to 0°).
However, a hydrogen bond is formed between the
hydroxyl group of Thr25 (donor) and one of the oxygen
atoms of the sidechain of Asp22 (acceptor). The residue at
the N′ position (Val21) connects the first -hairpin with
the helix. Its sidechain is solvent exposed, making few
contacts with the rest of the protein, instead of packing
against the helical N4 residue (Ala26) as it should if the
hydrophobic staple motif were formed. At the C-terminal
end, the last two helical residues have poor helical propen-
sities (Asn35 and Asp36) and dihedral angles that suggest
an intermediate structure between a 310 and an -helix.
Asn37 is the C-capping residue (its sidechain makes a
hydrogen bond with the Tyr33 carbonyl group) and the
helix terminates with Gly38, which has positive  and 
angles. The following residue is Val39 (C′′ position), which
is in contact with Ala34, inside the helix, thus forming a
Schellman motif. The two hydrogen bonds typical of this
motif are formed in the crystal structure [29].
In a previous study, all the fragments corresponding to the
secondary structure elements of the B1 domain were
structurally characterized in solution [30]. In the 21–40
fragment, Val21 was mutated to glycine to favour peptide
solubility. The peptide was mainly unstructured in water,
although in 30% aqueous TFE it readily adopted a native
-helical conformation spanning residues 22–37 with the
Schellman motif formed at its C terminus. The contribu-
tion of the hydrophobic staple motif to helix stability can
be very important for the pair Val–Ala, as measured in
model peptides [25]. This raises the intriguing hypothesis
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(a) (b)
The hydrophobic staple and Schellman motifs and their presence in
the protein G B1 domain. (a) Schematic representation of both motifs
and the sequence and structure of fragment 19–41 of protein G in the
protein 3D structure. The helix position nomenclature is that described
in [11]. The brackets mark the i,i+5 interaction characteristic of each
motif. H is a hydrophobic amino acid, Z is a good N-capping residue
(Ser, Thr, Asn or Asp), P is a polar residue and X is any amino acid.
Other letters refers to the one-letter code for the natural amino acids.
(b) 3D structure of protein G B1 domain (PDB code 1pgb). The C
and sidechain carbon atoms (dark grey) and the attached protons of
Val21, Ala26, Ala34 and Val39 are shown as spheres with the van der
Waals’ radii of the corresponding atoms. The figure was prepared with
the program MOLSCRIPT [73].
that the hydrophobic staple could be important during the
folding process of the protein, forming transient, margin-
ally stable conformations that help selecting certain
folding pathways for the protein. The hydrophobic staple
could be overridden later on by long-range interactions
that provide higher stability to the overall fold. Therefore,
we decided to analyze a longer peptide to test the helix
stabilizing effect of the nonnative hydrophobic staple if
formed. The protein G 19–41 fragment includes the helix
and both the hydrophobic staple and Schellman motifs
plus two more residues at each end to minimize end chain
effects. The solution conformational state of this peptide
has been studied by CD and NMR in various solvents.
The experimental data indicate that the hydrophobic
staple does form in the isolated peptide in water and stabi-
lizes the helix, while the Schellman motif does not con-
tribute to this stabilization.
Results
Peptide conformation in water 
As shown in Figure 2, the CD spectrum of the 19–41 frag-
ment in water at pH 5.1 and 278 K has a minimum at
199 nm and a negative shoulder around 220 nm that is
reduced in 6 M urea. The spectrum is concentration inde-
pendent over the range 5–300 M. Also, 1D NMR spectra
at 5 mM and 100 M peptide concentrations showed no
significant changes in chemical shifts nor linewidths, indi-
cating that the peptide is not aggregating in this concen-
tration range. The CD spectrum is the same at pH values
between 5.0 and 8.8. At pH 2.8, the minimum at 199 nm
shifts to 197.5 nm, closer to typical random coil values,
although there is still a shoulder at around 220 nm (data
not shown). The spectra suggest that the peptide popu-
lates a helical structure [31] in equilibrium with random
coil conformations and that the helix is destabilized in the
presence of 6 M urea and at low pH. The helix population
estimated from the ellipticity at 222 nm [32] is 9%. The
spectrum of the protein G 19–41 fragment with the Val21
replaced by glycine is also shown in Figure 2 for compari-
son. This spectrum is also independent of pH between 5.0
and 8.8.
The chemical shifts of the proton resonances for the
protein G 19–41 fragment are listed in Table 1. The con-
formational shifts of the C protons (Fig. 3a) are negative,
typical of helical structures, for most of the residues
between Asp22 and Asn35, although the presence of two
aromatic residues could affect the values of the nearby
residues. A number of dN(i,i+3) and d(i,i+3) NOEs are
observed in the region comprising residues Asp22 to
Gln32 (Figs 3b,4a). These data indicate that the peptide
adopts a helical structure in water, in fast equilibrium with
random coil conformations. At the N-terminal end, weak
NOEs are observed between the C protons of Asp22 and
the amide proton of Thr25. There is also an i,i+5 NOE
between the sidechain of Val21 and the amide proton of
Ala26 (Fig. 4b), as well as with the sidechain of Thr25,
suggesting the formation of a hydrophobic staple motif,
with Asp22 as the helix N-cap residue and an interaction
between Val21 and Ala26. The sidechain of Val21 shows
also an NOE with the sidechain of Glu19, indicating that
there is a dynamic equilibrium between random-like and
helical conformations. The hydrophobic staple motif
should also give rise to NOEs between the Val21 and
Ala26 sidechains, but the resonances of the Ala20 and
Ala26 methyl protons were degenerate and it was not pos-
sible to differentiate them in experiments performed over
the pH range 7.0–4.0, so it is not possible to determine
whether or not the NOE observed in water is that corre-
sponding to the i,i+5 interaction. In 6 M urea, none of the
i,i+3 NOEs is observed, but weak NOEs between Thr25
and Val21 residues are still observed, the same that were
present in water, suggesting that some residual structure
persists in this denaturing solvent. There are also very
weak i,i+2 NOEs between the sidechains of residues at
the end of the helical region (Lys28–Phe30, Phe30–Gln32
and Lys31–Tyr33), which are observed both in water and
in urea and are not typical of regular helices. Either the
helix is somewhat distorted in this region or the peptide
conformational ensemble includes also some structures
with consecutive residues populating the -sheet region
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Figure 2
CD spectra of the protein G 19–41 fragment. The data were recorded
at pH 5.1, 278 K in water (open circles), 30% TFE (filled circles) and
6 M urea (dotted line). The CD spectrum of the shorter 21–40
fragment with Val21 replaced by glycine is also shown for comparison
(crosses; recorded in water under the same conditions as the 19–41
fragment).
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of the (,) space more than the average in the random
coil, as was also found in the 21–40 fragment of protein G
[30]. The C-terminal half of the peptide is less structured,
although three weak dN(i,i+2) NOEs indicate the exis-
tence of low populations of turn-like conformations. For
the shorter 21–40 fragment, no i,i+3 NOE typical of helix
structure was detected [30].
Peptide conformation in aqueous trifluoroethanol
In aqueous TFE solvent, the equilibrium between
random coil and helix existing in water shifts towards
more helix population. The helix content was measured
by CD at several concentrations of TFE (data not shown).
A large increase in helicity occurs at 30% TFE, reaches a
maximum at around 70% TFE and then decreases when
approaching 100% TFE. The peptide structure has been
analyzed in detail in 30% aqueous TFE for consistency
with data for the other peptides of protein G [30]. The CD
spectrum is that typical of an -helix (Fig. 2), with an
average helix population of 62%. The relative intensity of
backbone–backbone NOEs, a large number of medium-
range (i,i+2,3,4) NOEs, and the upfield shifts of the C
protons with respect to the random coil values (Fig. 3a,b)
confirm that the peptide forms a high population of 
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Table 1
Chemical shifts of the proton resonances of protein G 19–41 fragment.
Residue NH CH CH CH CH Other
Glu19 — 4.05 2.11 2.42
2.17
Ala20 8.92 4.43 1.42
Val21 8.48 4.11 2.09 0.97
Asp22 8.56 4.62 2.73
2.76
Ala23 8.48 4.24 1.45
Ala24 8.46 4.32 1.46
Thr25 8.07 4.23 4.27 1.44
Ala26 8.28 4.27 1.43
Glu27 8.37 4.23 2.02 2.33
2.06 2.38
Lys28 8.29 4.26 1.79 1.38 1.68 C	H2 2.99; N	H 7.63
1.48
Val29 8.15 4.03 2.01 0.89
0.94
Phe30 8.50 4.58 3.07 7.25 C	H2 7.34; C
H 7.30
3.10
Lys31 8.27 4.19 1.68 1.30 1.65 C	H2 2.96; N	H 7.63
1.38
Gln32 8.36 4.15 1.94 2.18 N	H 6.97, 7.63
2.25
Tyr33 8.36 4.57 2.94 7.15 C	H 6.82
3.02
Ala34 8.34 4.27 1.37
Asn35 8.43 4.68 2.78 NH 7.03, 7.63
2.86
Asp36 8.44 4.63 2.69
2.74
Asn37 8.54 4.70 2.81 NH 7.01, 7.68 
2.87
Gly38 8.47 3.96
Val39 8.08 4.16 2.12 0.92
0.95
Asp40 8.59 4.72 2.66
2.81
Gly41 7.99 3.78
Chemical shifts of the proton resonances (, in ppm with respect to
TSP) of protein G 19–41 fragment. Conditions were 278 K, pH 5.1,
H2O : 2H2O (9:1 by vol). The amide proton of the first residue could
not be observed due to fast exchange with the water protons.
-helix in the region between Ala23 and Asn37, with
Asp22 as the N-cap residue. Due to the increased popula-
tion of helical structure and the associated larger chemical
shift dispersion, several NOEs characteristic of the
hydrophobic staple motif were detected between the
sidechain of Val21 and both Thr25 and Ala26 protons
(Fig. 4c; Table 2), including those already observed in
water. The main difference with respect to the structure
in water is that the helix is longer (reaching Asn37), and
that at the C-terminal end the Schellman motif structure
is formed, as evidenced by a number of NOEs between
the sidechains of Ala34 and Val39 (Fig. 4b; Table 2). Apart
from this interaction, the Schellman motif is also charac-
terized by the formation of the backbone–backbone
hydrogen bonds C′′→C3 and C′→C2 (Fig. 1). Their pres-
ence in the isolated peptide was checked by measuring
the relative amide proton exchange rates with the solvent
as described in the Materials and methods section. A
summary of the data is represented in Figure 3c. The
amide protons with smaller exchange rates are those at the
central part of the helix (residues 24–34). Thr25 and Ala24
are at the first turn of the helix and their amide protons
should exchange very fast but they do not due to the
capping effect of Asp22. At the peptide C-terminal end,
the amide proton of Val39, outside the helix region, shows
a significant degree of protection as compared with Val21,
the other valine residue in the sequence not in helical con-
formation. This suggests that the hydrogen bond C′′→C3
(Val39→Ala34) is formed in the peptide. The hydrogen
bond C′→C2 (Gly38→Asn35), however, is not confirmed
by this experiment. The terminal amide proton of Gly41
is also more persistent in the deuterated solvent than
other glycines in the sequence. This could be due to turn
structures or to an interaction involving the free carboxyl
at the C terminus [33].
The existence of a high population of helical structure and
the abundance of nonsequential NOEs permits the calcula-
tion of a 3D structure of the molecule that could represent
the fraction of folded conformers in solution. The superim-
position of the 30 best structures (see Materials and
methods) is shown in Figure 5 for residues Val21–Val39.
The number of distance restraint violations was very low
and all of them smaller than 0.1 Å, and the force field
energy was around –140 kcal mol–1 with a residual energy
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Figure 3
Summary of the conformational analysis data of protein G 19–41
fragment by NMR. (a) Plot of the conformational shifts of C protons
in water (open circles) and 30% TFE (filled circles). (b) Pattern of
NOEs observed in water and 30% aqueous TFE. Sidechain–sidechain
and sidechain–backbone NOEs (others than d) are grouped as
‘dsc’. The asterisks indicate NOEs whose unambiguous presence
could not be determined due to signal overlapping. The vertical lines
mark the limits of the helix in protein G. (c) Summary of the relative
deuterium exchange properties of the amide protons in the 19–41
fragment of protein G in 30% TFE. The thickness of the squares
indicates the intensity of each of the amide protons after the specified
exchange time. All the data were measured at 278 K, pH 5.1. 
distance restraint around 1 kcal mol–1. This means that a
single folded conformer can account for all the experimental
data, although the helix structure is in equilibrium with
random coil conformations. The peptide structure is very
well defined with a root mean square deviation of 0.6 ±
0.2 Å for the backbone heavy atoms (N, C, C′ and O). Both
the hydrophobic staple and Schellman motifs are clearly
observed in the structures. Half of them predict hydrogen
bonds involving the sidechain of Asp22 and the amide
protons of Ala24 and Thr25, and most of them also predict
the two hydrogen bonds associated with the Schellman
motif. Interestingly, one-third of the structures contain the
hydrogen bond between the sidechains of Asp22 and
Thr25, which is also present in the protein structure.
Secondary structure predictions
The helical population of each residue in water as 
predicted by the program AGADIR1s [34–36] is shown in
Figure 6. For comparison, the prediction for the shorter
21–40 fragment with glycine at position 21 is also shown.
The average helical contents are 8% and 4% for the long
and short peptides, close to the estimated values from the
CD spectra. The prediction shows that the helix is
strongly stabilized at the N terminus in the long peptide,
with an abrupt helix population increment starting at
Ala23, while the C-terminal half is very similar in both
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Figure 4
NOESY and ROESY spectra of protein G B1 domain 19–41
fragment. (a) ROESY spectrum of the peptide in water showing
several NOEs of the type i,i+3. The NOE labelled with an asterisk
could correspond to backbone–sidechain NOEs between residues
25–21, 26–21 and/or 28–21. The one labelled with a hash symbol
could correspond to 26–29 and/or 28–29 NOEs. Other boxed NOEs
are of the type d(i,i+3). Conditions were 5 mM peptide, pH 5.1,
278 K, tm = 200 ms. (b) Another region of the same ROESY spectrum
as in (a) showing the NOE between the sidechain protons of Val21
and the amide proton of Ala26. (c) NOESY spectrum in 30% TFE
showing a number of NOEs between Val21–Ala26 and Ala34–Val39
sidechains corresponding to the formation of the hydrophobic staple
and Schellman motifs. Conditions were 2 mM peptide, 30% aqueous
TFE, pH 5.1, 278 K, tm = 100 ms.
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Table 2
Intensities of the NOEs that define the particular peptide
conformation at the helix ends and distances measured
between the corresponding protons in the protein G B1
domain structure.
NOE Intensity Distance (Å) 
Water 30% TFE Protein G
CHV21–CHT25 w w 2.3–4.9
CHV21–NHA26 vw w > 5.0
CHV21–CHA26 * m > 5.0
NHD22–CHT25 w w > 5.0
NHD22–CHT25 w w 4.3
NHD22–CHT25 — vw 2.4–3.5
CHA34–CHV39 — m 4.2–4.8
CHA34–NHV39 — vw 3.3–4.9
CHA34–CHV39 — w 2.6–4.1
CHA34–CHV39 — w 3.8–4.8
NH2N35–CD40 — w > 5.0
CHV39–NHV41 — w > 5.0
The NOE intensities were qualitatively evaluated as very weak (vw),
weak (w), medium (m) or strong (s). A dash indicates an NOE not
observed and an asterisk indicates signal overlap with another cross-
peak. The distances were measured in the mean NMR-derived
structure (PDB code 2gb1). When the contact involved several
protons bound to the same heavy atom, the maximum and minimum
distance are reported. The one-letter amino acid code is used.
peptides, with very low helical population, in perfect
agreement with the NMR data. These results were
obtained with an improved version of the AGADIR1s
program that includes the energy contribution of the
hydrophobic staple (–0.3 kcal mol–1 for the pair Val–Ala)
and Schellman i,i+5 interactions (0.0 kcal mol–1 for the
pair Ala–Val) as evaluated by model peptides ([25,26];
L Serrano, unpublished data). The normal version of
AGADIR1s, without these contributions, yields similar
predictions for both peptides. The inclusion of the
hydrophobic staple interaction in the AGADIR program
will obviously lead to a difference in helix population.
The results on the protein G fragments show the effi-
ciency of the improved version and further justify the use
of this kind of interactions, involving residues outside the
helix, in helix/coil transition algorithms.
Discussion
Comparison of the helix structure in protein G and in
isolated fragments
The structure of the 19–41 fragment in water solution can
be described as an ensemble of two major sets of con-
formers in rapid exchange: molecules with little ordered
structure (random coil) and molecules with helical struc-
ture in the N-terminal half. The helix starts at Ala23 with
Asp22 as the N-cap (as in protein G) and Val21 interacts
with Ala26 forming a hydrophobic staple motif. This is a
nonnative interaction, since in the protein Val21 is
solvent exposed. No helix population is detectable in the
peptide from Gln32 to the C terminus, and the Schellman
motif is not formed.
In 30% TFE, the peptide forms a high population of -
helix very similar to the helix in protein G, with the same
limits and the Schellman motif at the C-terminal end, but
with the hydrophobic staple motif, a nonnative interaction.
The amide proton exchange data indicate that the C′′→C3
(Val39→Ala34) hydrogen bond is formed, but the C′→C2
(Gly38→Asn35) one is not detected. These two hydrogen
bonds, typical of the Schellman motif, are formed in the
crystal structure although the C′→C2 (Gly38→Asn35)
hydrogen bond has a poorer geometry than the C′′→C3
(Val39→Ala34) one. However, in the mean NMR-derived
protein structure [28], the latter hydrogen bond is not
formed, in agreement with the fast amide exchange
observed for the amide proton of Gly38 [37]. All these data
suggest that the local structure at the C-terminal end of
the peptide is very similar to the native one. There is also
a nonnative interaction manifested by NOEs between
Asn35 and Asp40 (Fig. 3a; Table 2). This interaction could
be a consequence of the Schellman motif and is present in
both the long and short fragments [30], so it is not only due
to end effects as Asp40 is the C-terminal residue in the
short fragment but not in the long one.
Protein G helix stability
In the shorter 21–40 fragment of protein G, no helical
structure was detected under the same conditions as the
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Figure 5
Superimposition of the final 30 refined structures of protein G 19–41
fragment using experimental data obtained in 30% TFE. Residues
21–39 were used in the superimposition. Only backbone heavy atoms
from residues 21–39 and the sidechains of Val21, Ala26, Ala34 and
Val39 are shown. The blue corresponds to nitrogen atoms, the red to
oxygens and the green to carbons.
Figure 6
Plot of the percentage of -helix per residue, calculated with the
program AGADIR1s for protein G 19–41 (filled circles) and 21–40
(with Val21 replaced by glycine; open circles) fragments.
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19–41 fragment [30]. In this peptide, Val21 was replaced
by glycine, so the formation of the hydrophobic staple is
not possible. This indicates that the hydrophobic staple
interaction is the main one responsible for the helix stabi-
lization in the long peptide. Another factor that could con-
tribute to the increase in the helical content is the
addition of two extra residues and consequently the sepa-
ration of the N-terminal positive charge from the helix
macrodipole. However, this effect is very small compared
with that of the hydrophobic staple motif. The CD
spectra of both peptides do not change from pH 5.0 to 8.8,
where the terminal amide group is predominantly in its
neutral form, and AGADIR1s predicts similar helix con-
tents for both peptides if the hydrophobic staple motif is
not taken into account. 
The hydrophobic staple interaction stabilizes the helix in
water, but it is not strictly necessary for helix formation.
The sequence corresponding to the -helix of protein G
has a certain intrinsic tendency to form a helical structure,
since in 30% TFE the short fragment forms a high popula-
tion of -helix with the same limits as in protein G [30].
The physical mechanisms by which alcohols stabilize sec-
ondary structure in peptides are still not clear. Due to
their lower dielectric constant and weaker basicity as com-
pared to pure water, it has been suggested that they
enhance intramolecular hydrogen bond formation [38,39]
or that they destabilize the unfolded state due to poor sol-
vation of the amide groups [40]. Alcohols are also less
polar solvents than water due to the aliphatic portion of
their molecules and act as denaturants of tertiary structure
in proteins [41]. The heterogeneity of water : TFE mix-
tures could also have some influence on the secondary
structure stabilization effect of TFE [42]. These are prob-
ably the reasons why both peptides adopt a highly popu-
lated helical structure with the Schellman motif in 30%
TFE. The hydrophobic interactions characteristic of both
the hydrophobic staple and Schellman motif are formed,
so TFE could weaken hydrophobic interactions, but they
are still formed and can stabilize local structures.
Recently, the helix propensities of the 20 amino acids
have been measured in 40% aqueous TFE [43]. The
intrinsic helical tendency of all the amino acids increases
with respect to water for all residues although to a differ-
ent extent. This explains why TFE can stabilize helices
but still discriminate between sequences with different
tendencies to form helical structures.
The intrinsic helical tendency of the protein helical region
is asymmetric, with higher helical propensity at the N ter-
minus than at the C terminus, which contains poor helix
former residues. This is clearly shown by the AGADIR1s
helix population profile of both peptides. On the other
hand, it is expected that there will be a certain cooperativ-
ity between the hydrophobic staple/Schellman motif and
helix formation. In water, the input energy of the
hydrophobic staple interaction triggers a large stabilization
of both structural features (staple plus helix), while only in
aqueous TFE, where the helix tendency is amplified, is
the Schellman motif also formed. The coupling between
the i,i+5 interactions and helix formation does not allow an
assignment of a lower helix stabilization effect for the
Schellman motif as compared to the hydrophobic staple
from the results of this particular peptide. However,
experimental studies with model peptides have shown
that the hydrophobic staple motif provides a substantial
helix stabilization while the effect of the Schellman motif
is smaller [21,25,26]. The 19–41 fragment is a natural
sequence, and these results point to an asymmetry in the
way -helix propensity is encoded in the local sequence of
amino acids, both at the level of the intrinsic tendencies
and the stabilizing effect of the i,i+5 interactions at the N
or C terminus. An asymmetry was also observed in pep-
tides derived from the phospholipase A2, where shorten-
ing the helix at its N terminus had a much higher effect on
helix stability than at the C terminus [44]. It has also been
found experimentally that helix stability depends much
more on the residue at the N-cap position than on the
residue at the C-cap [14], and helix folding and unfolding
simulations suggest that helix propagation is more
favoured at the N terminus [45,46]. The protein G helix
fragment provides another experimental example, but it is
not clear whether this is a general case in protein helical
sequences. What it is clear is that residues flanking the
helix ends, normally in loops or turns in the protein struc-
ture, can be very important in evaluating the intrinsic
helical tendency of these sequences.
Implications for protein G folding
A two-state folding behaviour has been observed for the
protein G B1 domain in a kinetic folding analysis [47].
Quenched-flow deuterium/hydrogen exchange experi-
ments suggested that a fast collapse to a semicompact
state (within the apparatus dead time) preceded the for-
mation of the fully native state [48]. The earliest pro-
tected amides were those at the N terminus of the helix
and the second -hairpin, especially in the turn, with pro-
tection in the -sheet region decreasing as the distance to
the turn increased. The proximity of these residues in the
folded protein and the formation of a small cluster of
hydrophobic residues suggested the hydrophobic collapse
around this region as a possible important factor in the
simultaneous early stabilization of these regions of sec-
ondary structure [48]. The fact that in the isolated pep-
tides both the helix N-terminal half (this work) and the
second -hairpin [49] are formed to a certain degree indi-
cates that a global hydrophobic collapse is not necessary
for secondary structure formation in these regions. Global
hydrophobic collapse can occur on the microsecond
timescale [50] and helix formation on the nanosecond
timescale [51], while the rate of formation of turns or hair-
pins is not known. 
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The equilibrium analysis of isolated peptides alone cannot
describe the folding of a protein but, at least for the B1
domain of protein G, the results indicate that secondary
structure formation can occur before the global collapse of
the polypeptide chain, with the concourse of local interac-
tions alone. What is remarkable is that the hydrophobic
staple interaction is a nonnative one and has to be dis-
rupted later on during the folding process. In contrast, a
native interaction at the C terminus, the Schellman motif,
does not contribute to helix stabilization but is formed
when in a favourable environment. These results can be
interpreted as both interactions being important for the
folding of the protein but at different stages. The
hydrophobic staple motif provides the necessary energy to
drive helix formation at the beginning of folding and the
Schellman motif provides structural specificity for that
region of the protein once the helix is fully formed and
probably an overall final fold has been reached. The
Schellman motif is then retained in the final structure and
the hydrophobic staple can be disrupted if a more efficient
packing in the core can be achieved, compensating the
solvent exposure of the hydrophobic sidechain of Val21.
Materials and methods
Peptide synthesis
The peptide was synthesized at the EMBL peptide synthesis service by
solid-phase synthesis methods and purified by high pressure liquid
chromatography (HPLC). The peptide homogeneity, composition and
molecular weight were checked by analytical HPLC, amino acid analysis
and matrix-assisted laser desorption time-of-flight mass spectrometry.
Circular dichroism spectroscopy
CD spectra were recorded on a Jasco-710 instrument calibrated with
(1S)-(+)-10-camphorsulphonic acid in the continuous mode, with 1 nm
bandwidth, 1 s response and 50 nm min–1 scan speed. Quartz cells
with path lengths of 0.01 cm and 0.5 cm were used. Each spectrum is
the average of 20 scans smoothed using the reverse Fourier transform
noise reduction software from Jasco. The concentration of the peptide
samples was 276 M in water, 110 M in H2O : trifluoroethanol (TFE;
7:3 by vol) and 193 M in 6 M urea, measured by UV absorbance [52].
1H-NMR spectroscopy
NMR samples were 5 mM in 600 l of H2O : 2H2O 9:1 (v/v), 2 mM in
H2O : perdeuterated TFE (CF3C2H2O2H) or 2H2O : perdeuterated TFE
(7:3), and 3.6 mM in aqueous 6 M urea. Minute amounts of HCl, NaOH
or 2HCl, NaO2H were added to adjust the pH of the samples. The pH
was measured with an Ingold combination electrode (Wilmad) inside
the NMR tube and was not corrected for isotope effects. Sodium 3-
trimethylsilyl (2,2,3,3-2H4) propionate (TSP) was used as an internal
reference at 0.00 ppm. NMR experiments were performed on a Bruker
AMX-500 spectrometer operating at a frequency of 500.14 MHz using
a spectral width of 5555 Hz. 1D spectra were acquired with 32K data
points which were zero filled to 64K data points before Fourier transfor-
mation. All the 2D spectra were acquired in the phase-sensitive mode
using the time proportional phase incrementation (TPPI) technique
[53]. 2D scalar correlated spectroscopy (COSY [54]), double quantum
filtered 2D scalar correlated spectroscopy (DQFCOSY [55]), 2D
nuclear Overhauser effect spectroscopy (NOESY [56]) and 2D rotat-
ing frame NOE spectroscopy (ROESY [57]) spectra were recorded
using standard phase-cycling sequences. Total correlation spec-
troscopy (TOCSY [58]) spectra were acquired using the standard
MLEV17 spin lock sequence and 80 ms mixing time. The water signal
was suppressed by presaturation during the relaxation delay (1 s) and
also during the mixing time of NOESY spectra. NOESY and ROESY
(200 ms mixing time) spectra in water were compared and only cross-
peaks present in both of them were considered as real NOEs not
arising from spin diffusion or other artefacts. The data were processed
with the program UXNMR from Bruker in an Aspect X32 computer.
Size of acquisition data matrices was 2048 × 300–600 words in f2 and
f1 respectively, and prior to Fourier transformation the 2D data matrices
were multiplied by a phase-shifted square-sine bell window function in
both dimensions and zero-filled to 2048 × 2048 words. NOE intensi-
ties were evaluated by volume integration or visual inspection of the
contour levels.
The peptide 1H-NMR spectra were assigned using the sequential
assignment procedure [59]. The conformational shifts (conformation-
dependent chemical shifts dispersion) of the C protons were obtained
by subtracting the random coil values [60] from the measured ones of
each residue.
Solvent exchange of the amide protons in 30% TFE was monitored in a
sample prepared as follows. A 2 mM sample in TFE : H2O 3:7 at
pH 5.1 was lyophilized and then dissolved in 2H2O pH 4.8 and
perdeuterated TFE (volume ratio 7:3) keeping the mixture on ice before
putting the sample into the magnet. A series of TOCSY spectra, inter-
leaved with 1D spectra, were acquired consecutively with 256 incre-
ments in the indirect dimension and between 4 and 32 scans (total
times being 22 min to 3 h). After recording all the experiments, the pH
of the sample was 5.2. A qualitative evaluation of the exchange rates
was done through visual inspection of the amide signals in 1D spectra
and all the cross-peaks with the amide proton frequency in the acquisi-
tion dimension of the TOCSY experiments.
Structure calculations
Cross-peak intensities were evaluated by the number of levels in the
contour plots of the NOESY spectrum in 30% TFE and were classified
into four categories: strong, medium, weak and very weak. These cate-
gories were translated into upper limit distance constraints of 0.3 nm,
0.35 nm, 0.4 nm and 0.5 nm, respectively. The final set of distance con-
straints (106) included all the nonsequential NOEs as well as sequen-
tial NOEs between backbone atoms for which signal overlapping did
not prevent a reliable estimate of their intensity. Other sequential and
intraresidue NOEs were excluded, since their structural specification
potential is lower and could contain important contributions from the
fraction of random coil molecules. Structures were calculated following
a hybrid distance geometry-dynamic simulated annealing protocol [61].
50 initial structures were calculated with the program DIANA 2.1 [62]
using the redundant dihedral angle constraint strategy [63]. Appropri-
ate pseudo-atom corrections were applied to the distance restraints
when necessary [64] and the  angle was constrained to be negative
for all residues except glycine, aspartic acid and asparagine. The struc-
tures were then subjected to two cycles of molecular dynamics simu-
lated annealing and energy minimization using the AMBER 4.1
package [65]. The AMBER all-atom force field [66] was used to
compute the intrinsic potential energy, using a dielectric constant of 4rij
[67] and a distance cut-off of 10 Å in the evaluation of nonbonded
interactions. Distance restraints were applied as a flat well with para-
bolic penalty functions within 1 Å outside the lower and upper bounds
and a linear function beyond 1 Å, using a force constant of
50 kcal mol–1 Å–2. An increased  angle torsion barrier of
200 kcal mol–1 rad–2 was used during the annealing cycle to prevent
peptide units in regions with a low number of restraints from attaining
the cis conformation. No other angle restraints were applied. Pseudo-
atom corrections were not used in this phase of refinement. Instead, a
〈r–6〉–1/6 weighting of the NOE distance restraints was used as effective
distance for nonstereospecifically assigned protons [68]. Corrections
to this effective distance were carried out by taking into account the
number of equivalent averaged protons as described in [69]. The simu-
lating annealing protocol was identical for the two cycles and consisted
of a restraint energy minimization followed by a three-step annealing
cycle of 10 ps using a temperature-regulated molecular dynamics algo-
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rithm that couples the system to an external thermal bath [70], and
using a time step of 0.5 fs. The system was heated from 6 to 600 K in
1 ps using molecular dynamics with a temperature relaxation time () of
0.2 ps and linearly increasing the restraints force constant from 5.0 to
50 kcal mol–1 Å–2, equilibrated at 600 K during 2 ps with  = 0.2 ps
keeping the restraining force constant at the maximum value and then
followed a slow cooling period of 7 ps with a target temperature of 6 K.
The cooling was carried out using a  = 2.0 ps for 2.5 ps,  = 1.0 ps for
2.5 ps,  = 0.5 ps for 1 ps and  = 0.05 ps for the last 1 ps. Bond
length degrees of freedom were not constrained. Finally, structures
were energy minimized using the NMR-derived restraints with 500
steps of steepest descent and 500 steps of conjugate gradient algo-
rithm. All computations were performed on a Power Challenge SGI
computer. It was found that in some structures the phenylalanine and
tyrosine residues presented some significant deviations from planarity
in their sidechains. No correlation was found between higher restraint
energy and deviation from planarity, so this problem seemed to be
caused by some difficulty in the convergence of the structures that
might have required longer annealing times. We selected 30 final rep-
resentative structures with no deviations from planarity in any group of
planar atoms and with the lowest restraint violation energies.
The analysis of structure quality, contacts, distances and hydrogen
bonds in the peptide and protein structures was done with the program
WHAT IF [71]. The structure visualization and plots were done with the
program InsightII [72].
Secondary structure predictions
The one-sequence version of the helix/coil transition algorithm imple-
mented in the program AGADIR [34–36] was used to predict the -
helical tendency of the peptide. This algorithm estimates at a residue
level the propensity of a monomeric peptide with no tertiary interactions
to populate an -helical conformation. The program can be run on the
world wide web (http://www.embl-heidelberg.de/ExternalInfo/serrano/).
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